is an established risk factor for the early development of dementia, including Alzheimer's disease, and the post-traumatic brain frequently exhibits neurofibrillary tangles comprised of aggregates of the protein tau. We have recently defined a brain-wide network of paravascular channels, termed the "glymphatic" pathway, along which CSF moves into and through the brain parenchyma, facilitating the clearance of interstitial solutes, including amyloid-␤, from the brain. Here we demonstrate in mice that extracellular tau is cleared from the brain along these paravascular pathways. After TBI, glymphatic pathway function was reduced by ϳ60%, with this impairment persisting for at least 1 month post injury. Genetic knock-out of the gene encoding the astroglial water channel aquaporin-4, which is importantly involved in paravascular interstitial solute clearance, exacerbated glymphatic pathway dysfunction after TBI and promoted the development of neurofibrillary pathology and neurodegeneration in the post-traumatic brain. These findings suggest that chronic impairment of glymphatic pathway function after TBI may be a key factor that renders the post-traumatic brain vulnerable to tau aggregation and the onset of neurodegeneration.
Introduction
Moderate to severe traumatic brain injury (TBI) is an established risk factor for the development of neurodegeneration, including AD, with a single episode of TBI conferring an increased risk of dementia later in life (Guo et al., 2000; Plassman et al., 2000; Moretti et al., 2012; D.H. Smith et al., 2013) . Prior TBI among AD patients is associated with an earlier age of disease onset than in patients without prior TBI, suggesting that TBI accelerates the development of AD pathology (Sullivan et al., 1987; Gedye et al., 1989; Nemetz et al., 1999) . Indeed, postmortem histopathological examination of long-term survivors of TBI and age-matched controls revealed that among patients Ͻ60 years of age neurofibrillary tangles, intracellular aggregates composed of hyperphosphorylated tau, were present in 34% of post-traumatic brains compared with an incidence of 10% in age-matched control cases . Although these findings link TBI with chronic neurodegeneration such as AD, the changes that occur in the post-traumatic brain that render it vulnerable to tau aggregation remain unknown.
Tau is an intracellular microtubule-associated protein that is released into the interstitium of the healthy young brain in response to excitatory neuronal activity . Emerging evidence suggests that the movement of tau and tau aggregates through the extracellular space plays an important role in the development and spread of intracellular tau pathology (Frost and Diamond, 2010; Jucker and Walker, 2011; Walker et al., 2013) . While much is known regarding the molecular pathways of tau processing in intracellular compartments (Morris et al., 2011; Chesser et al., 2013) , the pathways and mechanisms of interstitial tau clearance from the brain interstitium and how these are altered in the setting of TBI are unknown.
We have defined a brain-wide paravascular pathway that facilitates the efficient clearance of interstitial proteins and peptides, including amyloid-␤, from the brain parenchyma (Iliff et al., , 2013a Xie et al., 2013) . We found that subarachnoid CSF recirculates through the brain parenchyma along paravascular spaces surrounding penetrating arteries, exchanging with the surrounding interstitial fluid (ISF) to facilitate the clearance of interstitial solutes. Paravascular CSF-ISF exchange and interstitial solute clearance is dependent upon water transport via astroglial aquaporin-4 (AQP4) water channels , which are localized predominantly to perivascular astrocytic end feet. Based upon its appropriation of the lymphatic function of interstitial protein management, and its dependence upon glial water transport, we termed this paravascular pathway the "glymphatic system." In the present study, we evaluate whether the disruption of perivascular AQP4 localization following TBI (Lu et al., 2011; Fukuda et al., 2012; Ren et al., 2013 ) is accompanied by posttraumatic impairment of paravascular CSF-ISF exchange and interstitial solute clearance. Finding chronic impairment of glymphatic pathway function after TBI, we define the anatomical pathway along which interstitial tau is cleared, then test whether impairment of glymphatic clearance contributes to the buildup of phosphorylated tau after TBI.
Materials and Methods
Animals. All experiments were approved by the University Committee on Animal Resources of the University of Rochester Medical Center and the Institutional Animal Care and Use Committee of Oregon Health & Science University. Unless otherwise noted, 8-to 12-week-old male C57BL/6 mice (Charles River) were used in experiments. To define the paravascular route of tau clearance from the brain, a transgenic double reporter mouse was generated. Tg(TIE2GFP)287Sato/J (Tie2-GFP, JAX) were crossed with NG2DsRedBAC (NG2-DsRed, JAX) mice as described previously . Tie2-GFP overexpress green fluorescent protein under the endothelium-specific Tie2 promoter, while NG2-DsRed mice express the red fluorescent protein DsRed under the control of the NG2 promoter. Adult NG2-DsRed animals express DsRed in brain pericytes and vascular smooth muscle cells, in addition to NG2-positive glial cells. In Tie2-GFP:NG2-DsRed mice, all blood vessels are labeled with GFP. Capillaries, venules, and veins express disperse DsRed labeling on overlaying pericytes. Arterioles and arteries exhibit a dense circumferential pattern of DsRed labeling. Aqp4 Ϫ/Ϫ mice were generated as described previously (Thrane et al., 2011) . These animals are global Aqp4 gene knock-outs backcrossed onto a C57BL/6 background.
"'Hit & Run" traumatic brain injury model. Experimental closed-skull moderate TBI was induced as described previously (Ren et al., 2013) . Briefly, a pneumatic-controlled, cortical impact device (Pittsburgh Precision Instruments) was modified by mounting the metal rod horizontally. A polished stainless steel tip, which strikes the mouse's head during impact, was fitted to the end of the impactor slider. A strike depth of 10 mm and 0.1 time of impact were used with an impact velocity of 5.2 m/s. Once unresponsive to tail pinch, the mouse was anesthetized with 2.5% isoflurane for 2 min, then hung head up vertically from its incisor teeth by a mounted metal ring. The impactor was positioned normal to the skull at the loading point halfway between the ipsilateral orbit and the ear canal. Following impact, the mechanism released the injured animal onto a soft pad placed below. After anesthesia induction, it takes ϳ30 s to suspend, injure, and release the animal onto the soft pad. The shamtreated mice were anesthetized, hung from the string, and allowed to fall and recover.
The benefits of the Hit & Run model against more conventional TBI models such as the controlled cortical impact (CCI) or fluid percussion injury models(FPI), including the use of a minimal period of anesthesia (Ͻ5 min), a closed skull (with no craniotomy required), and a freely moving head, have been defined in detail in our prior study characterizing this model (Ren et al., 2013) . Particularly important to the present study, surgical craniectomy such as is used in both the CCI and FPI models, reduces the upregulation of AQP4 observed in the brain after closed-skull TBI (Tomura et al., 2011) . Thus, to study the effect of posttraumatic changes in AQP4 expression and localization upon glymphatic pathway function, it was important to avoid this confounding influence. Additionally, an increasing number of studies suggests that exposure to clinically relevant levels of inhalation anesthetic such as isoflurane can promote tau phosphorylation and neurofibrillary pathology (Planel et al., 2009; Run et al., 2009 ). The minimal period of anesthesia used in the Hit & Run model reduces the likelihood that such effects influence our evaluation of tau phosphorylation at 28 d after injury induction.
Immunofluorescence. Immunofluorescence was conducted on freefloating 100 m PFA-fixed vibratome slices or on slide-mounted 20 m cryostat sections. Slices were blocked for 1 h at room temperature with 3% normal donkey serum (Jackson ImmunoResearch), incubated with primary antibody overnight at 4°C, and incubated with secondary antibody for 2 h at room temperature. Primary antibodies included mouse anti-GFAP (an astrocytic marker; 1:500: Millipore), rabbit anti-AQP4 (1:500; Millipore), mouse anti-human tau (1:500; Pierce); rabbit anti-NeuN (a neuronal marker; 1:500; Millipore), mouse anti-phosphorylated tau (AT8; 1:40; Pierce), mouse anti-phosphorylated neurofilament (SMI34; 1:250; Abcam), and Iba1 (a microglia/macrophage marker; 1:250; Wako). Slices were mounted with Prolong Antifade Gold with DAPI (Life Technologies). Immunofluorescence was imaged on an inverted laser scanning confocal microscope (Zeiss LSM510), and whole-slice montages were generated using a resonance-scanning confocal microscope (Nikon A1R).
To quantify GFAP-, Iba1-, and AT8 (P-tau)-immunoreactivity, 4 20 m slices were selected at 200 m intervals centered around the traumatic lesion focus from each animal for imaging. In sham-treated animals, slices from equivalent rostrocaudal levels were selected. Uniform fields from the temporal ipsilateral and contralateral cortex that excluded the lesion cavity and surrounding glial scar were acquired by laser scanning confocal microscopy at 63ϫ objective power by a blinded investigator. Confocal micrographs were analyzed in FIJI software by a blinded investigator. Fluorescence channels were separated, and the images uniformly thresholded to derive an area fraction value that represents the percentage of the imaging field. The area fractions for the four slices for each individual animal were averaged to derive a single biological replicate.
Intracisternal CSF tracer infusion. Fluorescent CSF tracer (ovalbuminconjugated Alexa 647, 45 kDa; Life Technologies; OA-45) was constituted in artificial CSF at a concentration of 0.5%. For intracisternal tracer infusions, anesthetized mice were fixed in a stereotaxic frame and a 30 (Ren et al., 2013) . Mouse is briefly anesthetized with isoflurane, suspended by its incisors from a string, and a calibrated temporal impact is delivered by a pneumatic-controlled, cortical impactor device. The animal falls to an underlying pad and rapidly awakens from anesthesia. B-C, Twenty-eight days after TBI, the traumatic lesion is bounded by a dense glial scar and surrounded by a wide field of reactive astrogliosis. Changes in AQP4 expression and localization between 3 and 28 d after TBI have been extensively characterized previously (Ren et al., 2013) . Within the control cortex (D), AQP4 localization is polarized to perivascular astrocytic end feet surrounding the cerebral microcirculation (arrows). Inset depicts GFAP immunoreactivity alone. Twenty-eight days after, AQP4 immunoreactivity in the contralateral cortex (E) appears normal. In regions of reactive astrogliosis (inset shows GFAP immunoreactivity alone) surrounding the traumatic lesion in the ipsilateral cortex (F ), perivascular AQP4 polarization is persistently lost, as AQP4 immunoreactivity increases in nonperivascular structures (arrows identify the location of perivascular astrocytic end feet. Scale bars: 20 m.
gauge needle was inserted into the cisterna magna. Ten microliters of CSF tracer was infused at a rate of 1 l/min for 10 min with a syringe pump (Harvard Apparatus). To visualize tracer movement from the cisternal compartments into the brain parenchyma, animals were perfusion fixed 30 min after the start of intracisternal infusion (note that the needle was left in place for the entire 30 min, even after infusion ceased). Vibratome slices (100 m) were cut and mounted as above. Tracer influx into the brain was imaged ex vivo by wholeslice conventional fluorescence microscopy (Olympus; Stereo Investigator Software).
Tracer influx was quantified by a blinded investigator using FIJI (ImageJ) software as described previously . The ipsilateral and contralateral cerebral cortex in each slice was manually outlined, and the mean fluorescence intensity within the cortical ROIs was measured. A weighted average (weighted by cortical area) of fluorescence intensity was calculated for each hemisphere between the eight slices for a single animal, resulting in a single paired (ipsilateral and contralateral) biological replicate. The effect of TBI upon CSF tracer influx into the ipsilateral or contralateral cortex was evaluated by two-way ANOVA with Sidak's post hoc test for multiple comparisons to determine differences between individual time points.
Intraparenchymal injections. To evaluate the pathway of interstitial tau clearance, recombinant human tau (hTau; Abcam) was stereotactically microinjected into the cerebral cortex of Tie2-GFP:NG2-DsRed mice. A small burr hole was drilled and a 33 gauge stainless steel cannula (Hamilton) was inserted at the following stereotactic coordinates within the somatosensory cortex: 0.58 mm posterior, 1.90 mm lateral to bregma, 0.70 below brain surface. Thirty minutes after cannula insertion, 500 nl of 0.1 g/l hTau was infused over 10 min. One hour later, the cannula was removed and the animal rapidly perfusion fixed. The movement of hTau through the brain was evaluated in serial 100 m vibratome slices labeled with a primary antibody specific for human tau.
To evaluate the rates of interstitial fluid and solute clearance from the brain, radiolabeled tracers ( 3 H-mannitol and 14 C-inulin) were injected stereotactically into the brain parenchyma. A stainless steel guide cannula was implanted into the contralateral frontal cortex of anesthetized mice 6 d after TBI with coordinates of the cannula tip at 0.7 mm anterior, 3.0 mm lateral to bregma, and 1.3 mm below the surface of the brain. Animals were allowed to recover after surgery and the experiments were performed 24 h after guide cannula implantation (7 d after TBI; Xie et al., 2013) . Artificial CSF (500 nl) containing both 3 H-mannitol and 14 Cinulin (0.05 Ci) was infused over 5 min and 1 h after the start of infusion, the cannula was removed, and the brain dissected and prepared for radioactivity analysis. Brain samples were solubilized in 0.5 ml of tissue solubilizer overnight, followed by addition of 0.5 ml liquid scintillation cocktail. Radioactivity was analyzed in a liquid scintillation counter (Beckman-Coulter). The amount of 3 H-mannitol and 14 C-inulin cleared in 1 h was calculated based upon the percentage of radioactivity remaining in the brain: percentage recovery ϭ 100 ϫ (N b /N i ), where N b is the radioactivity remaining in the brain after 1 h and N i is the radioactivity injected into the brain. The effect of TBI or Aqp4 gene deletion upon the clearance of interstitial radiotracers was evaluated by two-way ANOVA with Tukey's post hoc test for multiple comparisons to evaluate differences within individual groups.
Evaluation of traumatic lesion volume. The effect of Aqp4 gene deletion upon traumatic lesion volume was evaluated 28 d after TBI. Eight uniformly sampled 20 m cryostat sections were collected at 400 m intervals from each animal and processed by conventional H&E staining. Slices were photographed with a slide scanner (Nikon) and the area of each hemisphere (excluding ventricular spaces) was manually outlined by a blinded investigator. Area measurements were integrated across eight slices to derive contralateral and ipsilateral hemispheric volume measurements for each animal. Post-traumatic changes in ipsilateral brain volume were evaluated by normalizing ipsilateral volume to the paired contralateral volumes. We have previously shown that this model of TBI does not result in loss of contralateral cortical or subcortical tissue (Ren et al., 2013) . Differences in traumatic lesion volume between wild-type and Aqp4 Ϫ/Ϫ mice were evaluated by unpaired Student's t test.
Evaluation of tau phosphorylation by Western blot. Brain tissue was homogenized in solution
, and DTT (10 mmol/L), then centrifuged at 2000 g for 10 min at 4°C. Protein samples (25 g/lane for P-tau gels, 4 g/lane for total tau lanes) were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Blots were then blocked in 5% dry milk and incubated at 4°C overnight with a primary antibody. Primary antibodies used were rabbit anti-P-tau (pS396; Life Technologies; catalog #44 -752G), mouse anti-PHF-tau (pSer202/ Thr205; Thermo Scientific; catalog #MN1020), mouse anti-PHF-tau (pThr231; Thermo Scientific; catalog #MN1040); rabbit anti-P-tau (pThr205; Thermo Scientific; catalog #PA-14415); rabbit anti-P-tau (pSer404; Thermo Scientific; catalog #PA-14426); and mouse anti-tau (pan-tau; Sigma; catalog #T9450). The signal was visualized using a biotinylated secondary antibody with an ECL Plus chemiluminescence detection kit. Autoradiograms were scanned and band optical densities were quantified and expressed relative to total tau.
Assessment of post-traumatic behavioral deficits.
For open field, rotarod, novel-object recognition, and Barnes maze tests, all tests were performed on four cohorts of animals: wild-type sham-treated, wild-type TBI treated, Aqp4 Ϫ/Ϫ sham treated, and Aqp4 Ϫ/Ϫ TBI treated. Open field, rotarod, and novel-object recognition tests were performed 2 d before TBI, then weekly following TBI for 4 weeks. Barnes maze test was performed weekly after TBI.
In the open field test, mice were monitored by video in an activity cage to investigate spontaneous locomotor activity. Animals were evaluated for 10 min after a 1 min adaptation period and videos were analyzed using Any-Maze software (Stoelting). In the rotarod test, a mouse was placed on a rotating rod and the latency before falling from the rod was measured. The rod rotated at an initial speed of 10 rpm and accelerated 1 rpm per second. Mice were placed on the bar for a maximum of 6 min and were given three sessions per day. Mice were tested 2 d before TBI, then once per week after TBI. All post-TBI values were normalized to the individual animals' pre-TBI control performance.
In the novel-object recognition test, animals were placed in an open chamber under video surveillance and allowed to freely explore for 10 min. Three objects of different texture and design were placed in the center of the chamber and spaced equidistant from the walls. Mice were allowed to explore the objects for 10 min. On the second day, one of the objects was replaced by a novel object and animals were allowed to interact with objects for 10 min. Their interaction times were recorded with a camera and scored by individuals blinded to the treatment group of the animals. The Barnes maze test apparatus consisted of a large circular platform with 20 evenly spaced holes around the perimeter. During the test, the animal used spatial cues to locate an escape hole, which differs
Figure 2. AQP4 immunoreactivity is absent in Aqp4
Ϫ/Ϫ mice. To ensure the specificity of the anti-AQP4 primary antibody used in the present study, we conducted immunolabeling of control and TBI-treated brains from Aqp4 Ϫ/Ϫ mice perfused 7 d after injury. Although GFAP expression was readily detectable in control (A), contralateral TBI (B), and ipsilateral TBI (C) cortex, no AQP4 immunoreactivity was detectable. Scale bar, 20 m.
from other holes in that it provides an escape to a compartment that hides the animal from sight. Each day, the animal underwent four trails with a rest period of 15 min between each trial. On the first day, the animal underwent an adaptation period during which the animal was introduced to the maze and guided to the escape hole. In four test trials, the animal was allowed to explore the maze for 3 min. The trial ended if (1) the animal found the escape path or (2) after 3 min had elapsed. This process was repeated a total of four times at 1 d intervals. Performance in behavioral tests between groups was evaluated by two-way repeatedmeasures ANOVA with Sidak's post hoc test for multiple comparisons.
Results

Traumatic brain injury impairs paravascular clearance of interstitial solutes
Adult male mice were subjected to Hit & Run TBI injury, which we have recently described and characterized (Ren et al., 2013; Fig. 1A) . In this model the animal is briefly anesthetized with isoflurane, suspended by its incisors, and a calibrated traumatic impact is delivered to the skull overlying the temporal cortex. Advantages of this model include a minimal time under anesthesia (Ͻ3 min), a freely moving head, and a closed skull. In the present experiments, impactor parameters were selected to result in a moderate-to-severe TBI grade, characterized by contusion of the underlying cortex, but not resulting in skull fracture. Sham animals were subjected to anesthesia, hanging, and falling, but no impact. We have previously provided a detailed histological characterization of this model between 3 and 28 d after TBI (Ren et al., 2013) . Within 7 d of TBI, a consolidated glial scar forms around the temporal cortical lesion, and the ipsilateral cortex surrounding the glial scar is characterized by hypertrophic GFAP-positive astrocytes that are absent in control and mirror-image contralateral cortex. At 28 d post injury, the traumatic lesion is bounded by a dense GFAP-positive glial scar and surrounded by wide fields of reactive astrogliosis that extend throughout the ipsilateral cortex, underlying white matter and striatum ( Fig. 1 B, C) . As we described previously, AQP4 localization in these regions of reactive astrogliosis in the post-traumatic cortex is markedly altered. Between 3 and 7 d post injury, the perivascular polarization of AQP4 is lost in these gliotic regions, and does not fully recover even 28 d post injury (Ren et al., 2013) . This can be seen clearly when AQP4 and GFAP immunofluorescence were evaluated by confocal microscopy 28 d post, injury. In the intact cortex, AQP4 immunoreactivity is highly polarized to perivascular end foot processes ( Fig. 1 D, E) , while regions of persistent reactive astrogliosis in the ipsilateral cortex exhibit a marked loss of perivascular AQP4 polarization (Fig. 1F ) , confirming that loss of perivascular AQP4 polarization is a persistent feature of the posttraumatic cortex. We confirmed the specificity of the anti-AQP4 antibody by staining tissue from sham and TBI-treated Aqp4 Ϫ/Ϫ mice. Although GFAP immunoreactivity did not differ between wild-type and Aqp4 Ϫ/Ϫ mice 7 d post injury, no AQP4 immunoreactivity was observed in Aqp4 Ϫ/Ϫ brains ( Fig. 2A-C) , confirming that the loss of specific perivascular AQP4 localization is not the result of nonspecific antibody binding within the injured tissue.
Glymphatic clearance of interstitial solutes, including amyloid-␤, is dependent upon astroglial AQP4 , while perivascular polarization of AQP4 is disrupted for Ͼ1 month after experimental TBI (Fig. 1D-F ) . The effect of TBI upon glymphatic pathway function was first evaluated by measuring the rate of paravascular CSF-ISF exchange 1, 3, 7, and 28 d after TBI Figure 3 A, B) . Fluorescence tracer (ovalbumin-conjugated Alexa 555, MW 45 kDa; OA-45) was injected into the subarachnoid CSF of the cisterna magna, brains were perfusion fixed 30 min post injection, and the ### p Ͻ 0.001 vs contralateral structure; two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 5-12 animals per group). Although impaired CSF influx is observed bilaterally in both cortex and striatum, the impairment is greatest in the ipsilateral cortex. influx of CSF tracer into the brain parenchyma was evaluated ex vivo by whole-slice fluorescence microscopy . Compared with sham controls, TBI dramatically impaired paravascular influx of CSF tracer (Fig. 3C-F ) . Although this effect was most pronounced in the ipsilateral cortex, glymphatic pathway impairment was additionally observed in the contralateral hemisphere and in the underlying striatum. When CSF tracer influx was quantified at t ϭ 1, 3, 7, and 28 d after TBI, impairment of CSF influx peaked at 7 d post injury, yet remained significantly impaired even 28 d after TBI ( Fig. 3G ; ***p Ͻ 0.001 vs Control, ## p Ͻ 0.01 vs contralateral structure; two-way ANOVA with Tukey's post hoc test for multiple comparisons; n ϭ 5-12 animals per group).
In prior studies Xie et al., 2013) , we have demonstrated that interstitial tracers such as fluorescently labeled ovalbumin or dextrans, as well as clinically relevant solutes such as amyloid-␤, are cleared from the brain along defined anatomical pathways. To evaluate whether exogenous interstitial tau is cleared along the same convective pathways, we injected recombinant human tau protein (Abcam) into the cortex of transgenic Tie2-GFP:NG2-DsRed mice (Fig. 4A) . As described previously , these mice express GFP in endothelial cells and the red fluorescent protein DsRed in cerebrovascular pericytes and vascular smooth muscle cells, enabling the simple identification of arteries, veins, and capillaries in fixed slices and in vivo. Sixty minutes after injection, brains were perfusion fixed, stained with an antibody specific for human tau (Abcam), and imaged by whole-slice confocal imaging. The local convective movement of interstitial tau occurred slowly through the bulk interstitium, proceeding more rapidly along the basal lamina of the nearby capillary bed. Intracortically injected hTau moved most rapidly from the injection site along the subcortical white matter of the external capsule (Fig. 4 B, C) . At points, most distant from the injection site, hTau appeared to accumulate along a specific subset of large-caliber draining veins, including the caudal rhinal veins that drain from the subcortical white matter tracts (Fig.  4 D, E) ; the internal cerebral veins, which run medially within the roof of the third ventricle (Fig. 4G) ; and the inferior sagittal sinus at the base of the falx cerebri (Fig. 4H ) . Interestingly, in regions distal from the injection site, tracer accumulation occurred solely along these large-caliber draining veins, and not along penetrating arteries (Fig. 4F ) , which suggests that interstitial tau is cleared along the same paravascular pathways previously described for interstitial tracers and amyloid-␤ (Iliff et al., 2012) .
We next measured the effect of TBI upon the clearance of interstitial solutes from the cortex. Seven days after TBI, radiolabeled tracers ( 3 H-mannitol, MW 182 Da; 14 C-inulin, MW ϳ5 Da) were coinjected into the contralateral frontal cortex (Fig.  4I ) . One hour later, the radiotracer remaining in the brain was measured by liquid scintillation counting. Mannitol and inulin were selected as interstitial tracers because neither are cleared across the blood-brain barrier, and both are cleared from the brain by convective bulk flow Syková and Nicholson, 2008) . In sham-treated mice, within 1 h of injection, ϳ40% of the injected 3 Hmannitol and 14 C-inulin had been cleared (Fig. 4 J, K ) . The equivalent rates of 3 Hmannitol and 14 C-inulin clearance, despite a ϳ25-fold difference in molecular weight, is consistent with the clearance of these solutes from the brain interstitium by bulk flow (Cserr, 1971; Iliff et al., 2012) . After TBI, interstitial solute clearance in wild-type mice was reduced by ϳ25% ( # p Ͻ 0.05, ### p Ͻ 0.001, TBI vs sham; two-way ANOVA with Tukey's post hoc test for multiple comparisons; n ϭ 6 per group). Importantly, we conducted tracer injections contralaterally to avoid the disrupted tissue in the ipsilateral cortex. However, at 7 d post-TBI, aquaporin mislocalization (described previously in Ren et al., 2013) and glymphatic pathway impairment was more severe (Fig. 3G) in the ipsilateral cortex. Thus, we believe that this 25% reduction in glymphatic solute clearance is an underestimate of the impairment occurring after traumatic injury in the ipsilateral cortex. These data demonstrate that glymphatic pathway function, reflected by paravascular CSF-ISF exchange and interstitial solute clearance, are chronically impaired after TBI.
Impairment of glymphatic pathway function promotes posttraumatic development of tauopathy
Glymphatic pathway function is mediated by astrocytic AQP4 water channels, while genetic deletion of the Aqp4 gene in mice dramatically slows paravascular CSF-ISF exchange and impairs the clearance of intrastriate interstitial solutes such as amyloid-␤ . These findings were confirmed in a new set of experiments where the interaction between Aqp4 gene deletion and TBI on interstitial solute clearance was evaluated. In agreement with our prior study , among sham-treated animals Aqp4 gene deletion significantly reduced the amount of both intracortically injected 3 H-mannitol and 14 C-inulin cleared within the first hour post injection (Fig. 4 J, K; *p Ͻ 0.05, wildtype sham vs Aqp4 Ϫ/Ϫ sham, two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 6 per group). When Aqp4 Ϫ/Ϫ mice were subjected to TBI, 7 d after injury the impairment of interstitial solute clearance was dramatically exacerbated compared with the effect observed for TBI alone (Fig. 4 J, K, ***p Ͻ 0.001, wild-type TBI vs Aqp4 Ϫ/Ϫ TBI, two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 6 per group). Because Aqp4 Ϫ/Ϫ mice subjected to TBI exhibited a profound impairment in glymphatic pathway function, we next used this approach to evaluate whether impairment of glymphatic pathway function contributes to aberrant accumulation of phosphorylated tau after TBI.
Although studies focusing on ischemic injury demonstrated an overall protective effect of Aqp4 gene deletion on lesion development (Manley et al., 2000) , more recent work in TBI models has not observed any difference in lesion volume after TBI between wild-type and Aqp4 Ϫ/Ϫ mice (Lu et al., 2011) . Consistent with these findings, when we assessed lesion volume by H&E staining of serial slices from wild-type and Aqp4 Ϫ/Ϫ mice 28 d after TBI, we observed no differences in lesion volume (Fig. 5A-C) . Thus any differences observed between wild-type and Aqp4 Ϫ/Ϫ mice are likely not the result of differences in traumatic injury severity. At 28 d after injury brains were evaluated by Western blot for evidence of P-tau accumulation. Using a battery of antibodies targeting the pSer202/pThr205, pThr205, pThr231, pSer396, and pSer404 P-tau epitopes, we measured P-tau accumulation in the ipsilateral and contralateral cortex of wild-type and Aqp4 Ϫ/Ϫ mice. Representative blots are shown in Figure 6A , while P-tau levels normalized to total tau expression (derived from blotting with a pan-tau antibody) are presented in Figure 6B -F. Two general findings were observed across all of the data. First, TBI significantly increased P-tau levels identified with the anti-pThr205 ( Fig. 6C ; p Ͻ 0.05, two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 4 per group), pThr231 ( Fig. 6D ; p Ͻ 0.05, two-way ANOVA, n ϭ 4 per group), and pSer396 ( Fig. 6E ; p Ͻ 0.01, two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 4 per group) antibodies in both the contralateral and ipsilateral hemispheres; however, the effects were greatest in the ipsilateral hemisphere. Similarly, mean P-tau levels identified by anti-pSer202/Thr205 (Fig.  6B) and pSer404 (Fig. 6F ) antibodies were higher after TBI; however, these effects did not achieve statistical significance. A second finding was that after TBI, mean P-tau levels in the Aqp4 Ϫ/Ϫ cortex were consistently higher than in the corresponding wild-type cortex. This was true of both contralateral and ipsilateral hemispheres; however, the effect was greatest and the levels higher in the ipsilateral cortex. Post hoc testing revealed a significant difference between wild-type and Aqp4 Ϫ/Ϫ pThr231 levels in the ipsilateral cortex ( Fig. 6D ; *p Ͻ 0.05, wild-type TBI vs Aqp4 Ϫ/Ϫ TBI; two-way ANOVA with Tukey's post hoc test for multiple comparisons, n ϭ 4 per group).
We then evaluated whether TBI or Aqp4 gene deletion exacerbated histologically evaluated tau pathology. Frozen slices were stained with the AT8 monoclonal antibody (which detects the pSer202/pThr205 P-tau epitopes) and counterlabeled with the neuronal marker NeuN 28 d after TBI. Within the control cortex, no P-tau immunoreactivity was evident (Fig. 7A) . After TBI, the wild-type ipsilateral cortex exhibited elevated, but still diffuse, P-tau immunoreactivity (Fig. 7B) . Within Aqp4 Ϫ/Ϫ mice, P-tau immunoreactivity in the ipsilateral cortex was dramatically altered. Intense P-tau immunoreactivity was present in NeuN-positive neuronal soma and surrounding neurites ( Fig.  7C-E) . These findings are in general agreement with the quantitative results obtained by Western blot, demonstrating that Aqp4 Ϫ/Ϫ mice, in which glymphatic pathway function and interstitial solute clearance are profoundly impaired , also exhibit higher levels of tau pathology in the chronic phase after TBI.
Aqp4 gene deletion promotes neurodegeneration and neuroinflammation Neuroinflammation and cognitive decline are hallmarks of neurodegenerative processes, including Alzheimer's disease (Eikelenboom et al., 2002) and chronic traumatic encephalopathy (CTE; Goldstein et al., 2012) . In our initial characterization of the Hit & Run model of TBI we observed that at 14 d post injury, evidence of axonal degeneration was readily apparent in the ipsilateral cortex (Ren et al., 2013 ). When we Figure 7 . Neuronal P-tau accumulation and axonal degeneration after TBI in Aqp4 Ϫ/Ϫ mice. Wild-type and Aqp4 Ϫ/Ϫ mice were subjected to TBI and the presence of P-tau was evaluated by immunofluorescence 28 d post injury. Double labeling with the AT8 P-tau antibody (specific for pSer202/pThr205 epitopes) and the neuronal marker NeuN showed that in the wild-type cortex, P-tau immunoreactivity was not observed under control conditions (A). After TBI, P-tau immunoreactivity was diffusely increased, but at a low level (B). In the Aqp4 Ϫ/Ϫ cortex (C), marked P-tau labeling was observed after TBI, both within neuronal soma (arrows) and in surrounding neurites (arrowheads). Quantification of P-tau immunoreactivity in cortical (D) and striatal (E) regions proximal to the traumatic lesion showed that P-tau accumulation was dramatically increased in the Aqp4 Ϫ/Ϫ brain after TBI. F-K, Axonal degeneration was evaluated in the ipsilateral cortex and underlying corpus callosum 28 d after TBI by staining for phosphorylated neurofilament with the SMI34 monoclonal antibody. In the control cortex (F ) and corpus callosum (I ), no axonal spheroids or varicosities were evident. In the wild-type cortex after TBI (G), SMI34-immunoreactive varicosities were sparsely present (arrows). In the Aqp4 Ϫ/Ϫ cortex (H ) and corpus callosum (K ), SMI34-positive spheroids and varicosities were readily detectable (arrows).
evaluated axonal degeneration by immunostaining for phosphorylated neurofilament with the SMI34 monoclonal antibody, we observed that SMI34-positive axonal varicosities and retraction bulbs were detectible in wild-type mice in the ipsilateral cortex 28 d after TBI (Fig. 7 F, G, I, J ), but were sparsely distributed. Axonal degeneration was more extensive in the ipsilateral cortex as well as within the underlying corpus callosum of Aqp4 Ϫ/Ϫ mice (Fig. 7 H, K ). In our prior study characterizing the development of reactive gliosis after TBI in the Hit & Run model (Ren et al., 2013) , we observed that widespread reactive astrogliosis and microgliosis develops across large areas of the cortex and underlying striatum and hippocampus in the days following traumatic injury, which would slowly subside over the weeks following injury (Ren et al., 2013) . Four weeks after injury, although intense astrocyte and microglial activation persisted in tissue adjacent to the traumatic lesion, GFAP immunoreactivity in regions not immediately associated with the glial scar remained only somewhat elevated in the ipsilateral cortex of wild-type mice (Fig.  8A-C,G) . In Aqp4 Ϫ/Ϫ mice, however, GFAP expression in these remote cortical regions was dramatically increased in the ipsilateral cortex ( Fig. 8D-G ; **p Ͻ 0.01, Aqp4 Ϫ/Ϫ ipsilateral TBI vs wild-type ipsilateral TBI;
## p Ͻ 0.01 vs contralateral structure; two-way ANOVA with Tukey's post hoc test for multiple comparisons; n ϭ 4 per group). A similar exacerbation of Iba1 labeling was observed in the ipsilateral cortex of Aqp4 Ϫ/Ϫ mice after TBI compared with wild-type mice after TBI ( Fig. 8H ; #p Ͻ 0.05, Aqp4 Ϫ/Ϫ ipsilateral vs Aqp4 Ϫ/Ϫ contralateral; two-way ANOVA with Tukey's post hoc test for multiple comparisons; n ϭ 4 per group).
When behavioral tests were used to evaluate motor and cognitive function after TBI, we similarly found that Aqp4 gene deletion worsened functional outcome. Mice underwent behavioral evaluation 2 d before TBI, then weekly after injury (Fig. 9A) . When gross motor function was evaluated by open field test, no significant difference was observed in wild-type mice after TBI while in Aqp4 Ϫ/Ϫ mice, open field test performance was impaired after TBI ( Fig. 9B; # p Ͻ 0.05 Aqp4 Ϫ/Ϫ Control vs Aqp4 Ϫ/Ϫ TBI; two-way repeated-measures ANOVA; n ϭ 9 -14 per group). When motor coordination was evaluated with the rotarod test, we found that while TBI did not significantly impair function in wild-type mice, in Aqp4 Ϫ/Ϫ mice performance was significantly impaired after injury ( Fig. 9C; # p Ͻ 0.05 Aqp4 Ϫ/Ϫ Control vs Aqp4 Ϫ/Ϫ TBI; two-way repeated-measures ANOVA with Sidak's post hoc test for multiple comparisons, n ϭ 9 -14 animals per group). Cognitive function was evaluated both with the novelobject recognition test and with the Barnes maze spatial learning test. TBI impaired cognitive function both in wild-type and Aqp4 Ϫ/Ϫ mice [ Fig. 9 D, E; *p Ͻ 0.05, **p Ͻ 0.01 WT Control vs
Ϫ/Ϫ TBI; two-way repeated-measures ANOVA with Sidak's post hoc test for multiple comparisons; n ϭ 9 -14 animals per group (NovelObject Recognition), n ϭ 5 per group (Barnes Maze)]. Posttraumatic cognitive deficits, however, were more pronounced in Aqp4 Ϫ/Ϫ mice compared with wild-type animals ( † p Ͻ 0.05 WT TBI vs Aqp4 Ϫ/Ϫ TBI). In the case of both the rotarod test (Fig. 9C ) and the Novel-Object Recognition Test (Fig. 9D) , performance of the Aqp4 Ϫ/Ϫ TBI group persistently tracked below that of the corresponding WT TBI group, through the full 4 weeks of evaluation post injury. Similarly, the deficit in Barnes Maze performance was observed when the test was administered beginning 28 d after TBI (Fig. 9E ). These results demonstrate that Aqp4 gene deletion, in addition to causing glymphatic pathway dysfunction and promoting post-traumatic neuroinflammation, persistently exacerbates cognitive deficits after TBI.
Discussion
Moderate-to-severe TBI is an established risk factor for the development of neurodegenerative disease, including Alzheimer's disease (Guo et al., 2000; Lye and Shores, 2000; Plass- Smith et al., 2013) . The basis for this association has remained unclear; however, the presence of amyloid plaques in the brains of young patients that died from severe TBI (Roberts et al., 1991 (Roberts et al., , 1994 and the presence of neurofibrillary pathology in the brains of TBI survivors has suggested that pathogenic processes initiated after TBI are related to those that occur in the aging brain in the setting of Alzheimer's disease. Disruption of cells and cellular function within the perivascular domains that constitute the glymphatic pathway are established features of the brain in the setting of aging and Alzheimer's disease. Loss of pericyte coverage and bloodbrain barrier disruption occur in the brains of Alzheimer's patients (Zlokovic, 2005; Sengillo et al., 2013) , while loss of perivascular AQP4 polarization in the surrounding perivascular astrocytic end feet is observed in the aging (Kress et al., 2014 ) and Alzheimer's disease brain (Wilcock et al., 2009; J. Yang et al., 2011) . These changes within perivascular domains are associated with the impairment of interstitial amyloid-␤ clearance (Zlokovic, 2005; Kress et al., 2014) , suggesting that disruption of perivascular cellular function may render the aging brain vulnerable to misaggregation of amyloid-␤ and other proteins, and subsequent neurodegeneration. We have reported that after both mild and moderate TBI in mice, the perivascular polarization of AQP4 is chronically disrupted in reactive astrocytes after injury (Ren et al., 2013) . Consistent with the dependence of brain interstitial solute clearance upon perivascular AQP4 , we observed that moderate TBI impaired glymphatic pathway function for Ͼ1 month after injury, slowing the clearance of interstitial solutes from the brain parenchyma. The prolonged impairment of the glymphatic pathway after TBI, a key contributor to amyloid-␤ clearance from the brain interstitium 22, 24 , may promote both early amyloid plaque deposition after severe TBI (Roberts et al., 1991 (Roberts et al., , 1994 and the accelerated development of amyloid pathology in the aging brain after TBI (Guo et al., 2000; Lye and Shores, 2000; Plassman et al., 2000; D.H. Smith et al., 2013) .
More recently, the development of neurodegeneration in the clinical condition CTE after exposure to repeated mild TBI has gained much attention. This condition, like Alzheimer's disease, is classified as a tauopathy, and is characterized by intracellular tau aggregates observed first in perivascular foci in the superficial frontal cortex to other cortical areas, the hippocampus, and wider brain regions (Omalu et al., 2011; McKee et al., 2013) . Although tau, a microtubule-associated protein, is conventionally regarded as an intracellular protein, emerging research suggests that in the healthy young brain tau is released from active neurons into the brain interstitium . After brain injury, including TBI, high levels of tau are released into the brain ISF and CSF (Morris et al., 2011; Magnoni et al., 2012; Tsitsopoulos and Marklund, 2013) , presumably as a result of axonal damage. Interstitial tau is taken up into cells of the CNS, and the uptake of interstitial tau aggregates into neurons is now thought to underlie the "prionic" spread of tauopathy in progressive neurodegenerative diseases such as Alzheimer's disease Holmes et al., 2013; Walker et al., 2013) . In the present study, we report that in addition to cellular uptake, a large proportion of interstitial monomeric tau is cleared from the cortex by bulk flow along the white matter tracks and paravascular spaces of the glymphatic pathway.
After TBI, the clearance of interstitial solutes from the brain parenchyma was impaired, even when clearance was measured from the more modestly affected contralateral hemisphere. Yamada et al. (2011) and (2013) have proposed that increasing interstitial tau concentrations promote tau aggregation both in the intracellular and extracellular compartments. We tested whether Aqp4 gene deletion, which is associated with a profound global impairment of glymphatic pathway function and interstitial solute clearance, promotes the buildup of phosphorylated tau after TBI. In wild-type mice, cortical P-tau levels were mildly elevated 28 d after TBI, as shown by both Western blot using a battery of P-tau antibodies and immunofluorescence using the AT8 antibody. In Aqp4 Ϫ/Ϫ mice, pronounced P-tau immunoreactivity was evident in the cortex surrounding the traumatic lesion 28 d after TBI. Western blot analysis similarly revealed elevated P-tau levels in Aqp4 Ϫ/Ϫ compared with wild-type mice after TBI. Accumulation of P-tau in Aqp4 Ϫ/Ϫ mice was accompanied by increasing axonal degeneration, the development of pronounced neuroinflammation, and exacerbation of posttraumatic cognitive deficits. Thus, we propose that loss of perivascular AQP4 polarization after TBI impairs the clearance of interstitial solutes, including the protein tau, along the paravascular glymphatic pathway. The failure to clear interstitial tau in turn promotes intracellular tau aggregation and neurodegeneration, exacerbating neurocognitive function after TBI (shown in schematic form in Fig. 10 ).
In our prior study , and in the present study, Aqp4 gene deletion impaired the clearance of interstitial solutes, including amyloid-␤, and promoted the accumulation of phosphorylated tau after TBI. In the case of amyloid-␤, a substantial fraction of interstitial clearance was insensitive to Aqp4 gene deletion , suggesting that multiple processes may be responsible for the clearance of this compound from the brain interstitium. One such mechanism is trans-endothelial efflux across the blood-brain barrier via efflux transporters such as the lowdensity lipoprotein-related protein-1 (Shibata et al., 2000; Zlokovic, 2005) . Given that these two mechanisms occur within the same perivascular domains, it is plausible that these two processes interact with one another. One intriguing possibility is that convective bulk flow along paravascular pathways serves to distribute transporter substrates along perivascular spaces, allowing more efficient clearance of solutes like amyloid-␤ across the bloodbrain barrier. It is currently unclear whether interstitial tau is a substrate for any specific or saturable transporter system at the blood-brain barrier. Thus, whether processes other than cellular uptake (Holmes et al., 2013) or paravascular bulk flow contribute to the clearance of interstitial tau remains unknown.
An extensive prior literature has focused upon the role of AQP4 in the setting of traumatic injury. AQP4 appears to participate both in the formation of cytotoxic edema in addition to the resolution of vasogenic edema after brain injury (Badaut et al., 2011; Thrane et al., 2014). In the acute setting, AQP4 expression is increased after TBI and in a recent experimental study using an open-skull model of TBI in juvenile rats, siRNA-based knockdown of AQP4 around the time of injury reduced the formation of cerebral edema, suggesting that AQP4 participates in the development of cerebral edema (Fukuda et al., 2013) . In a closedskull model of adult TBI, we recently reported that changes in AQP4 expression and localization peaked after cerebral edema and elevated intracranial pressure normalized (Ren et al., 2013) , suggesting that changes in AQP4 expression and localization may facilitate the resolution of vasogenic edema after TBI. This notion is consistent with observations in other experimental models of vasogenic edema that report exacerbation of injury with Aqp4 gene knock-out (Papadopoulos et al., 2004) . The present study suggests that in addition to these effects of AQP4 in the formation and resolution of cerebral edema in the acute stage of TBI, the long-term mislocalization of AQP4 after TBI (Ren et al., 2013) additionally impairs glymphatic clearance of interstitial solutes from the brain, contributing to tau aggregation and neurodegeneration in the chronic phase after traumatic injury. Figure 10 . Post-traumatic impairment of glymphatic pathway function promotes tau aggregation. Schematic representation of proposed relationship between perivascular AQP4 polarization, glymphatic pathway function, and interstitial tau clearance after TBI. We propose that chronic loss of perivascular AQP4 polarization after TBI impairs paravascular clearance of interstitial tau, promoting tau aggregation, neurodegeneration, and persistent neuroinflammation in the post-traumatic brain.
More recently, a second role for AQP4 in the development of brain injury has emerged with the recognition that this water channel supports astroglial migration. Deletion of the Aqp4 gene impaired glial scar formation after traumatic injury (Lu et al., 2011) , while in primary cell culture Aqp4 gene deletion impairs astrocyte migration (Auguste et al., 2007) . The role of AQP4 in supporting astroglial migration appears to be attributable to a pool of AQP4 distinct from the AQP4 that exhibits polarized perivascular localization. Within astrocytes, AQP4 is expressed in two variant forms that are the result of alternative transcription initiation sites: the longer AQP4-M23 variant that is predominant in healthy brain and exhibits highly polarized perivascular localization (Nagelhus and Ottersen, 2013 ) and the shorter AQP4-M1 form that does not polarize (Furman et al., 2003; Crane et al., 2009 ), but facilitates astrocyte migration (A.J. Smith et al., 2014) . Although this has not been explicitly tested, we surmise that the loss of the AQP4-M1 variant and its facilitation of astroglial migration accounts for the effect of Aqp4 gene deletion on glial scar formation. In contrast, we propose that the effect of TBI and Aqp4 gene deletion upon glymphatic pathway function and tau aggregation result from the loss of the perivascular pools of AQP4 that facilitate the movement of fluid into and out of the paravascular CSF influx and ISF clearance pathways . One intriguing possibility is that astroglial upregulation of AQP4-M1 is protective in the acute and subacute setting by promoting glial scar formation, but also reduces perivascular AQP4 polarization, setting the stage for chronic glymphatic pathway impairment, protein aggregation, and neurodegeneration (shown in schematic form in Fig.  10 ).
The loss of perivascular AQP4 polarization is a key feature of reactive astrocytes after both mild and moderate TBI (Ren et al., 2013) and in a mouse model of diffuse micro-infarcts . In the aging mouse brain it is associated with the impairment of glymphatic pathway dysfunction and impairment of interstitial amyloid-␤ clearance from the brain (Kress et al., 2014) . These findings, with those of the present study. suggest that the association between mild-to-moderate reactive astrogliosis, loss of perivascular AQP4 polarization and impairment of glymphatic pathway function may be common features of both the aging and the injured brain that promote the misaggregation of proteins like amyloid-␤ or tau and the development of neurodegeneration. Lu et al. (2007) have demonstrated in a rat model of TBI that 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) are effective in improving neuronal survival, neurogenesis, and functional recovery after traumatic injury. In subsequent studies, this group suggests that the protective effects of statins in the setting of TBI stem from their ability to inhibit the development of post-traumatic gliosis (Li et al., 2009; Wu et al., 2010) . It is intriguing to speculate that by inhibiting the development of reactive astrogliosis, statins preserve perivascular polarization of AQP4 and maintain normal glymphatic function after TBI, preventing post-traumatic neurodegeneration. Based upon this premise, the present results suggest that therapeutic interventions targeting post-traumatic perivascular AQP4 mislocalization, either through inhibition of the development of reactive astrogliosis or by stabilizing AQP4 localization to the perivascular end feet (perhaps by inhibiting the induction of the AQP4-M1 variant after brain injury), may offer a novel approach to preserve glymphatic pathway function, to maintain efficient clearance of interstitial solutes such as amyloid-␤ or tau, and to prevent the onset of neurodegeneration after TBI. A therapeutic approach such as this would conceivably be effective preventing the onset of posttraumatic neurodegeneration, by preventing the development of the earliest steps of tau pathology in the brain after TBI.
